Joining of the large, 50S, ribosomal subunit to the small, 30S, ribosomal subunit initiation complex (IC) during bacterial translation initiation is catalyzed by the initiation factor (IF) IF2. Because the rate of subunit joining is coupled to the IF, transfer RNA (tRNA), and mRNA codon compositions of the 30S IC, the subunit joining reaction functions as a kinetic checkpoint that regulates the fidelity of translation initiation. Recent structural studies suggest that the conformational dynamics of the IF2·tRNA sub-complex forming on the intersubunit surface of the 30S IC may play a significant role in the mechanisms that couple the rate of subunit joining to the IF, tRNA, and codon compositions of the 30S IC. To test this hypothesis, we have developed a single-molecule fluorescence resonance energy transfer signal between IF2 and tRNA that has enabled us to monitor the conformational dynamics of the IF2·tRNA sub-complex across a series of 30S ICs. Our results demonstrate that 30S ICs undergoing rapid subunit joining display a high affinity for IF2 and an IF2·tRNA sub-complex that primarily samples a single conformation. In contrast, 30S ICs that undergo slower subunit joining exhibit a decreased affinity for IF2 and/or a change in the conformational dynamics of the IF2·tRNA sub-complex. These results strongly suggest that 30S IC-driven changes in the stability of IF2 and the conformational dynamics of the IF2·tRNA sub-complex regulate the efficiency and fidelity of subunit joining during translation initiation.
Introduction
In bacteria, translation initiation proceeds through a multi-step pathway that can be divided into two major stages (Fig. 1a ) [1] [2] [3] [4] . In the first stage, three essential initiation factors (IFs; IF1, IF2, and IF3), a specialized initiator transfer RNA (tRNA) (N-formylmethionyltransfer RNA; fMet-tRNA fMet ), and a small, or 30S, ribosomal subunit assemble into a 30S initiation complex (IC) at the start codon (usually AUG) of an mRNA. In the second stage, a large, or 50S, ribosomal subunit joins to the 30S IC to form an elongationcompetent 70S IC. The fidelity of fMet-tRNA fMet and the start codon selection during this process are essential for ensuring the integrity of gene expression, as mis-initiation using an elongator tRNA or an internal sense codon leads to proteins containing aberrant N-termini or to frame-shifting errors that yield truncated, and possibly mis-folded, proteins [1, [5] [6] [7] [8] . Extensive genetic, biochemical, and structural studies of translation initiation suggest that the IFs play crucial and highly complementary roles in regulating the fidelity and the efficiency of translation initiation.
During initiation, IF2 functions synergistically with IF1 and IF3 to selectively accelerate the rate of fMet-tRNA fMet binding into the start-codonprogrammed peptidyl-tRNA binding (P) site of the 30S subunit [9] . Subsequently, in a reaction that is regulated by all three IFs, IF2 accelerates the rate of subunit joining to "canonical" 30S ICs carrying an fMet-tRNA fMet that is base paired to a cognate start codon within the P-site [10, 11] . Highlighting the selectivity with which the IFs regulate the subunit joining reaction, "pseudo" 30S ICs carrying either a non-formylated initiator tRNA (Met-tRNA fMet ) or an elongator tRNA (e.g., Phe-tRNA Phe ) [10, 12] and "non-canonical" 30S ICs formed at a near-cognate start codon (e.g., an AUU codon) [13, 14] exhibit a markedly reduced rate of subunit joining relative to canonical 30S ICs. Despite its importance for regulating the efficiency and the fidelity of translation, the mechanism through which IF2 catalyzes subunit joining and how the IFs collaboratively tune the rate of this reaction in a tRNA-and codon-dependent manner remains poorly understood.
Cryogenic electron microscopy (cryo-EM)-based three-dimensional reconstructions of 30S and 70S ICs have provided key structural insights into the mechanism through which IF2 catalyzes subunit joining [15] [16] [17] [18] . 30S IC structures reveal that domain IV of IF2 (using the domain naming conventions introduced by Roll-Mecak et al. [19] ) interacts with the acceptor stem of fMet-tRNA fMet to form an IF2·tRNA sub-complex on the intersubunit surface of the 30S IC (Fig. 1b) that positions fMet-tRNA fMet in an intermediate configuration that has been termed the peptidyl/initiator (P/I) tRNA configuration [15, 17, 18, 20] . The conformation of the IF2·tRNA sub-complex in these structures exhibits striking shape complementarity to a groove in the 50S subunit [17, 18] and it has been suggested that the extensive interactions that IF2 makes with this groove underlie the ability of IF2 to catalyze subunit joining [15, 17] . In addition, the P/I configuration adopted by fMet-tRNA fMet is such that it would allow helix 69 in the 23S ribosomal RNA (rRNA) component of the 50S subunit to access helix 44 in the 16S rRNA component of the 30S subunit, enabling formation of intersubunit bridge B2a, an early-forming [21] intersubunit bridge that is critical for the IF-dependent formation of the 70S IC [22] . Thus, because the shape complementarity of IF2 and the 50S subunit and the access of 23S rRNA helix 69 to 16S rRNA helix 44 will depend on the conformation of the IF2·tRNA sub-complex, it is possible that the rate of subunit joining can be tuned by changes in the conformation of the IF2·tRNA sub-complex. Consistent with this possibility, both the position of IF2 and, particularly, the P/I configuration of fMet-tRNA fMet that was observed in the cryo-EM structure of the 30S IC lacking IF3 [17] differ from that seen in the complete 30S IC [18] , suggesting that the conformation of the IF2·tRNA sub-complex is sensitive to the composition of the 30S IC. During the first major step of translation initiation, the IFs bind to the 30S subunit and collaboratively increase the rate and accuracy of fMet-tRNA fMet selection and decoding of the start codon within the P site of the 30S subunit, resulting in the assembly of a 30S IC at the start codon of the mRNA to be translated. During the second major step, the 50S subunit joins to the 30S IC, the IFs are released from the resulting 70S IC, and fMet-tRNA fMet is positioned into the peptidyl transferase center of the 50S subunit, resulting in the assembly of an elongation-competent 70S IC. (b) A cartoon representation (left panel) and cryo-EM structural model (right panel) depicting the IF2·tRNA smFRET signal used to monitor the conformational dynamics of the IF2·tRNA sub-complex within 30S ICs. IF2 was labeled with a Cy5 FRET acceptor at a cysteine residue that was engineered into domain IV of IF2 and fMet-tRNA fMet or variants thereof were labeled with a Cy3 FRET donor within their central fold, or "elbow", domains. The figure depicting the cryo-EM structural model was adapted from a figure published in Simonetti et al. [17] .
Based on the foregoing structural analysis, we hypothesized that IF-, tRNA-, and codon-dependent changes in the conformational dynamics of the IF2·tRNA sub-complex might provide the mechanistic basis for coupling the rate of subunit joining to the IF, tRNA, and codon compositions of the 30S IC. To investigate this hypothesis, we have developed an intermolecular IF2·tRNA single-molecule fluorescence resonance energy transfer (smFRET) signal and have used it to characterize the conformational dynamics of the IF2·tRNA sub-complex within a series of canonical, pseudo, and non-canonical 30S ICs that exhibit different rates of subunit joining. Our results show that canonical 30S ICs lacking IF3, which have been shown to undergo relatively rapid subunit joining in ensemble kinetic studies, bind IF2 with a relatively high affinity and yield an IF2·tRNA sub-complex that primarily samples a single conformation. On the other hand, 30S ICs that have been shown to undergo slower subunit joining in ensemble kinetic studies, including canonical 30S ICs that contain IF3, pseudo 30S ICs carrying a non-formylated Met-tRNA fMet or Phe-tRNA Phe , and non-canonical 30S ICs assembled on an AUU near-cognate start codon, exhibit a decreased affinity for IF2 and/or a change in the conformational dynamics of the IF2·tRNA sub-complex. Interpreted within the context of previous structural and biochemical studies, the smFRET results presented here strongly suggest that IF-, tRNA-, and codon-dependent changes in the structure of the 30S IC regulate the efficiency and fidelity of the subunit joining reaction by modulating the stability of IF2 and the conformational dynamics of the IF2·tRNA sub-complex.
Results

Development of an intermolecular IF2·tRNA smFRET signal
Bacterial IF2 is composed of a non-conserved N-terminal region of variable length and a core C-terminal region composed of four conserved domains of which domain IV directly contacts the fMet-tRNA fMet acceptor stem and formyl moiety [15, 17, 18] . In order to characterize the real-time dynamics of the interaction between domain IV of IF2 and various P-site-bound tRNAs within 30S ICs, we developed an IF2·tRNA smFRET signal between a cyanine 5 (Cy5) fluorescence resonance energy transfer (FRET) acceptor-labeled IF2 variant [IF2(Cy5)] and various cyanine 3 (Cy3) FRET donorlabeled tRNA variants, including fMet-tRNA(Cy3) fMet , non-formylated Met-tRNA(Cy3) fMet , and elongator Phe-tRNA(Cy3) Phe (Fig. 1b) . IF2(Cy5) was constructed using a mutant IF2 variant that was Cy5-labeled at a surface-exposed cysteine residue that was engineered into domain IV ( Supplementary Fig. 1 ). Using a standard IF2 activity assay based on primer extension inhibition, or "toeprinting" [23] , we have demonstrated that IF2(Cy5) can select fMet-tRNA fMet over elongator tRNAs within the 30S IC in a manner that is indistinguishable from wild-type IF2 ( Supplementary  Fig. 2 ). tRNA(Cy3) fMet and tRNA(Cy3) Phe were constructed using wild-type tRNA fMet and tRNA Phe that were Cy3-labeled at naturally occurring, chemically unique, post-transcriptionally modified bases within their central fold, or "elbow", domains in a manner that has been previously shown to not impair their functions in translation [24] . Using our highly purified, reconstituted in vitro translation system [25] , we assembled 30S ICs containing IF2(Cy5) and variants of tRNA(Cy3) fMet or tRNA(Cy3)
Phe on 5′-biotinylated mRNAs containing either an AUG or an AUU start codon that is followed by a UUU triplet encoding Phe. As previously described [26] , 30S ICs were then tethered to the polyethylene glycol (PEG)/biotinylated-PEG-derivatized surface of a quartz microfluidic flowcell using a biotin-streptavidin-biotin bridge and imaged at single-molecule resolution at a time resolution of 100 ms per frame using a total internal reflection fluorescence (TIRF) microscope. Control experiments demonstrated that N 98% of the single tRNA(Cy3) molecules imaged in our experiments were bound to 30S ICs that were specifically tethered to the PEG/biotinylated-PEG-derivatized surface of the flowcell via biotin-streptavidin-biotin bridges to their 5′-biotinylated mRNAs (Supplementary Fig. 3 ). As an additional control, we used a novel, TIRF-based assay to measure the affinity of fMet-tRNA(Cy3) fMet and Phe-tRNA(Cy3) Phe binding to a series of canonical, pseudo, and non-canonical 30S ICs containing different combinations of the IFs. These experiments showed that the IF composition of the 30S IC and the identity of the codon in the P site modulate the stabilities of fMet-tRNA(Cy3) fMet and Phe-tRNA(Cy3) Phe binding to surface-tethered 30S ICs in a manner that is consistent with previous biochemical studies [10, 27] , thus validating the biochemical activities of our purified IFs and the ability of our surface-tethered 30S IC-and TIRFbased experimental system to report on biochemical events during translation initiation ( Supplementary  Fig. 4 ).
30S IC −1/3 exhibits transient binding of IF2 and an IF2·tRNA sub-complex that is conformationally dynamic We began our investigation by collecting FRET efficiency (E FRET ) versus time trajectories on a canonical 30S IC prepared using fMet-tRNA(Cy3) fMet , IF2(Cy5), and an mRNA containing an AUG start codon but lacking IF1 and IF3 (30S IC −1/3 ). Ensemble kinetic studies have shown that the rate of subunit joining to 30S IC −1/3 is extremely fast relative to the rate of subunit joining to canonical 30S ICs that contain IF3 [9] . Initial attempts to collect 30S IC −1/3 E FRET trajectories using an imaging buffer lacking free IF2(Cy5) suggested that IF2 readily dissociates from 30S IC −1/3 during surface tethering and TIRF imaging. Thus, unless otherwise specified, we supplemented the imaging buffer used in all IF2·tRNA smFRET experiments with 50 nM IF2(Cy5) such that free IF2(Cy5) from the imaging buffer could rebind to 30S ICs from which IF2(Cy5) may have dissociated. Steady-state 30S IC −1/3 E FRET trajectories collected in the presence of free IF2(Cy5) in the imaging buffer exhibited reversible fluctuations between various FRET states that, according to an E FRET histogram of the raw E FRET trajectories and a subsequent Fig. 2 . The effect of IF1 and IF3 on the stability of IF2 and the conformational dynamics of the IF2·tRNA sub-complex. Cartoon representations of each of the 30S ICs investigated are shown along the top row. In each case, the IF2-bound state of the 30S IC is depicted. Representative Cy3 (green) and Cy5 (red) emission intensities versus time trajectories are shown in the second row, and the corresponding E FRET versus time trajectories are shown in the third row. Binding of IF2 results in an increase in Cy5 intensity and an anti-correlated decrease in Cy3 intensity due to FRET. Accordingly, the IF2-bound state of the 30S IC corresponds to the non-zero portions of the E FRET versus time trajectories. Post-synchronized surface contour plots of the time evolution of population FRET are shown in the fourth row. Surface contour plots were generated as described in Results and in Supplementary Fig. 5d . "N" indicates the total number of E FRET versus time trajectories for each 30S IC and "n" indicates the total number of individual IF2 binding events. The surface contours were plotted from tan (lowest population plotted) to red (highest population plotted) as indicated in the population color bar. TDPs are shown in the fifth row. TDPs were generated by plotting the "Starting E FRET " versus the "Ending E FRET " for each transition identified in the idealized E FRET trajectories as a surface contour plot of a two-dimensional E FRET histogram as described in Supplementary Fig. 5e . idealization of the raw E FRET trajectories using hidden Markov modeling, encompassed a zero FRET state and at least two non-zero FRET states with E FRET distributions centered at E FRET values of 0.5 ± 0.2 and 0.8 ± 0.1 (hereafter referred to as IF2-tRNA 0.5,c and IF2-tRNA 0.8,c where the subscript c denotes that these states are associated with canonical 30S ICs) ( Fig. 2a and Supplementary Fig. 5 ).
Curve-fitting-based population decay analyses ( Supplementary Fig. 5f ) of the idealized 30S IC −1/3 E FRET trajectories obtained as a function of IF2(Cy5) concentration revealed that the rate of transitions between the zero FRET state and the aggregate non-zero FRET state (i.e., the rate of zero → nonzero FRET transitions) increased as a function of increasing IF2(Cy5) concentration, suggesting that zero → non-zero FRET transitions represent a bimolecular association process. In contrast, the rate of non-zero → zero FRET transitions remained constant as the IF2(Cy5) concentration was increased, suggesting that non-zero → zero FRET transitions represent a unimolecular dissociation process ( Supplementary Fig. 6 ). Thus, we conclude that the zero FRET state corresponds to the IF2-free state of the 30S IC, the aggregate non-zero FRET state corresponds to the IF2-bound state of the 30S IC, and the rates of zero → non-zero and non-zero → zero FRET transitions therefore report on the kinetics of IF2 binding to fMet-tRNA fMet -containing 30S IC −1/3 . Given this interpretation, the apparent rate of IF2 association to 30S IC −1/3 (k a,app ) is 13 ± 1 μM − 1 s − 1 , the rate of IF2 dissociation from 30S IC −1/3 (k d,app ) is 0.6 ± 0.2 s − 1 , and the equilibrium dissociation constant for IF2 binding to 30S IC −1/3 (K d,app ) is 50 ± 20 nM ( Table 1 ), values that are in excellent agreement with the results of a complementary, transition probability matrix-based population decay analysis of the 30S IC −1/3 E FRET trajectories (Supplementary Table 1 ).
The stability of the IF2-bound state (i.e., the aggregate non-zero FRET state) for the ensemble of single 30S ICs observed can be visualized as a post-synchronized surface contour plot of the time evolution of population FRET [24] . These surface contour plots were generated by thresholding each raw E FRET trajectory using an E FRET of 0.2 to identify individual IF2 binding and dissociation events (see Supplementary Fig. 5d ), post-synchronizing each binding event such that the first time point that crosses the E FRET of 0.2 threshold is reassigned to the 1-s time point on the plot, and then generating a surface contour plot that effectively superimposes all of the post-synchronized binding events at the 1-s time point. In such plots, the stability of the IF2-bound state can be easily visualized by assessing the length of time that, starting from the 1-s time point, the IF2·tRNA sub-complex persists in the aggregate non-zero FRET states prior to transitioning to the zero FRET state. Similarly, reversible fluctuations between zero and non-zero FRET states (i.e., the reversibility of binding) or between two non-zero FRET states (i.e., fluctuations between different conformational states) can be visualized as a transition density plot (TDP) in which the starting E FRET value (x-axis) and the final E FRET value (y-axis) for each transition identified in the idealized E FRET trajectories are plotted as a surface contour plot [28] (see Supplementary Fig. 5e ).
The observation of reversible fluctuations between IF2-tRNA 0.5,c and IF2-tRNA 0.8,c , defining a dynamic IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c conformational equilibrium, demonstrates that the IF2·tRNA sub-complex within 30S IC −1/3 exists in a dynamic equilibrium between at least two conformational states in which the distance between our labeling positions differ bỹ 10 Å (assuming a Förster radius of 55 Å for the Cy3-Cy5 FRET donor-acceptor pair [29, 30] ). The observation that the IF2·tRNA sub-complex within a 30S IC can occupy at least two conformational states is consistent with, and likely reveals the physical basis for, the biphasic behavior that is typically observed in ensemble kinetic studies of IF2 binding to 30S ICs a k a,app and k d,app were determined using curve-fitting-based population decay analyses as described in Materials and Methods and in Supplementary Notes 3 and 4.
b k a,app was determined from an experiment in which the rate of IF2 association was measured as a function of free IF2 concentration as described in Results and Supplementary Fig. 6 . c k a,app was determined from a pre-steady-state smFRET experiment as described in Materials and Methods and Supplementary Notes 3 and 4.
d k d,app was determined from an experiment performed with shuttering of the laser excitation source as described in Materials and Methods and in Supplementary Notes 3 and 4.
e N.D. stands for "not detected". f k a,app was obtained using a transition probability matrix-based population decay analysis as described in Materials and Methods and in Supplementary Notes 3 and 4. [11, 13, 31, 32] . Within 30S IC −1/3 , the IF2·tRNA sub--complex almost exclusively occupies IF2-tRNA 0.8,c , only rarely and transiently occupying IF2-tRNA 0.5,c (Fig. 2a and Supplementary Table 2 ).
Addition of IF1 and IF3 to 30S IC −1/3 modulates the affinity of IF2 and alters the conformational dynamics of the IF2·tRNA sub-complex
In ensemble kinetic studies of subunit joining, the presence of IF1 on the 30S IC has been shown to marginally increase the rate of IF2-catalyzed subunit joining whereas IF3, when present alone or along with IF1, has been shown to decrease it [9] . To determine the effect that IF1 and/or IF3 exert on the conformational dynamics of the IF2·tRNA subcomplex, we collected E FRET trajectories using canonical 30S ICs that were prepared in a manner analogous to 30S IC −1/3 but in the presence of IF1 (30S IC −3 ), IF3 (30S IC −1 ), or IF1 and IF3 (30S IC C ) ( Fig. 2b-d and Table 1 ). To ensure that surface-tethered 30S ICs were imaged in the presence of bound IF1 and/or IF3, we supplemented the imaging buffer with saturating concentrations (~1 μM) of each of these factors. Interestingly, when present independently of each other, we discovered that IF1 and IF3 have opposing effects on the affinity of IF2 for the 30S IC, with IF1 increasing the affinity of IF2 to 30S IC −3 by decreasing K d,app by~2.5-fold relative to 30S IC −1/3 and IF3 decreasing the affinity of IF2 to 30S IC −1 by increasing K d,app~1 2-fold relative to 30S IC −1/3 . The increased affinity of IF2 for 30S IC −3 is kinetically driven by an~3-fold reduction in k d,app , indicating that, relative to 30S IC −1/3 , an IF1-induced structural rearrangement of 30S IC −3 strengthens IF2's interactions with 30S IC −3 . In contrast, the decreased affinity of IF2 for 30S IC −1 is kinetically driven by an~4-fold decrease in k a,app and an~4-fold increase in k d,app . The decrease in k a,app suggests that, relative to 30S IC −1/3 , an IF3-induced structural rearrangement of 30S IC −1 decreases the number of IF2-30S IC − 1 collisions that lead to productive binding of IF2 to 30S IC −1 , whereas the increase in k d,app suggests that the same IF3-induced rearrangement of 30S IC −1 weakens the interactions that IF2 makes with 30S IC −1 even for collisions that result in productive binding. When present simultaneously, however, IF1 and IF3 result in a dramatic increase in the affinity of IF2 for 30S IC C that, relative to 30S IC −1/3 , yields a decrease in K d,app of more than~30-fold. This increased affinity is kinetically driven by a 1.5-fold decrease in k a,app and an~50-fold decrease in k d,app . Thus, maximizing the strength of the interactions that IF2 makes with a canonical 30S IC likely requires a structural rearrangement of the 30S IC that is induced by the synergistic action of IF1 and IF3.
Relative to 30S IC −1/3 , the exceedingly transient binding of IF2 to 30S IC −1 yielded a large number of E FRET trajectories in which one or more of the observed excursions to non-zero FRET states were captured by only a single frame of the camera detector of the TIRF microscope. To minimize the time-averaging of the E FRET that can result from excursions to non-zero FRET states that are shorter than the exposure time of a single frame [33] [34] [35] , we calculated E FRET using only those E FRET trajectories (~16%) in which all of the observed excursions to non-zero FRET states lasted at least three frames. Analysis of these select E FRET trajectories results in the identification of a single, non-zero FRET state with an E FRET distribution centered at an E FRET of 0.7 ± 0.1 (hereafter referred to as IF2-tRNA 0.7,c ). Although the~0.1 difference between the means of the E FRET distributions for IF2-tRNA 0.8,c and IF2-tRNA 0.7,c is within the error of our measurement, it is possible that the slightly lower mean of the E FRET distribution arises from an IF3-induced structural rearrangement of 30S IC −1 that results in a small change in the conformation of the IF2·tRNA subcomplex relative to 30S IC −1/3 . Consistent with this possibility, the 12-fold decrease in the affinity of IF2 to 30S IC −1 relative to 30S IC −1/3 strongly suggests that the IF2·tRNA sub-complexes in these two 30S ICs are indeed different.
Relative to 30S IC −1/3 , the longer-lived binding of IF2 to 30S IC − 3 and 30S IC C yielded reversible fluctuations between at least two non-zero FRET states with E FRET distributions that are centered at E FRET values consistent with those of IF2-tRNA 0.8,c and IF2-tRNA 0.5,c (Fig. 2d, Supplementary Fig. 7b , and Supplementary Table 2 ). Interestingly, the presence of IF1 in 30S IC −3 preferentially stabilizes IF2-tRNA 0.8,c in a manner similar to what is observed in 30S IC − 1/3 , whereas the simultaneous presence of IF1 and IF3 in 30S IC C shifts the IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c equilibrium toward IF2-tRNA 0.5,c . Thus, the structural rearrangement of the canonical 30S IC that is induced by the synergistic action of IF1 and IF3 not only maximizes the strength of the interactions that IF2 makes with the 30S IC but also modulates the conformational dynamics of the IF2·tRNA sub-complex such that the relative stabilities of the IF2-tRNA 0.5,c and IF2-tRNA 0.8,c conformations of the IF2·tRNA sub-complex within the 30S IC are altered.
Pseudo 30S ICs exhibit a decreased affinity for IF2 and an altered conformation of the IF2·tRNA sub-complex Thus far, we have examined the kinetics of IF2 binding and the conformational dynamics of the IF2·tRNA sub-complex on canonical 30S ICs containing fMet-tRNA fMet . As noted earlier, however, pseudo 30S ICs containing either non-formylated Met-tRNA fMet or an elongator tRNA exhibit a significant reduction in the rate of IF2-catalyzed subunit joining [10, 12] . To determine how these tRNAs might influence the affinity of IF2 for the 30S IC and/or the IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c conformational equilibrium, we collected E FRET trajectories for pseudo 30S ICs that were prepared in a manner analogous to 30S IC C but replacing fMet-tRNA(Cy3) fMet with either Met-tRNA(Cy3) fMet (30S IC C,Met ) or Phe-tRNA(Cy3) Phe (30S IC C,Phe ). Surprisingly, the E FRET trajectories collected for these pseudo 30S ICs did not exhibit any detectable excursions to non-zero FRET states, suggesting that, under our experimental conditions, IF2 binds to these 30S ICs (i) too rarely to be detected within the limits imposed by the rate of Cy3 photobleaching and/or IF3-induced Met-tRNA(Cy3) fMet or Phe-tRNA(Cy3)
Phe dissociation [10] , (ii) too transiently to be detected within the time resolution of our TIRF microscope (100 ms per frame), and/or (iii) in a conformation in which the distance between our labeling positions on IF2 and tRNA is too large to result in a detectable E FRET .
Given that IF3 is known to perturb the stability of the P-site tRNA [9, 10] , we attempted to stabilize the P-site tRNA and increase the probability of observing excursions to non-zero FRET states corresponding to the IF2-bound state of the 30S IC by excluding IF3 from the pseudo 30S ICs. As expected, exclusion of IF3 from 30S IC C,Met and 30S IC C,Phe , generating 30S IC − 3,Met and 30S IC − 3,Phe , yielded detectable, albeit rare and exceedingly transient, excursions to non-zero FRET states corresponding to the IF2-bound state of the 30S IC, resulting in K d, app values that are 250-to 350-fold larger than K d,app for 30S IC − 3 ( Fig. 3 and Table 1 ). After correcting for missing IF2 binding events, we determined that these effects are kinetically driven by~30-to 60-fold decreases in k a,app and~7-to 8-fold increases in k d, app for 30S IC − 3,Met and 30S IC − 3,Phe , relative to 30S IC − 3 . Here, the large decrease in k a,app suggests that, relative to the structure of a canonical 30S IC − 3 carrying fMet-tRNA fMet , the structures of the pseudo 30S IC − 3,Met carrying Met-tRNA fMet and the pseudo 30S IC − 3,Phe carrying Phe-tRNA Phe are such that the number of IF2-30S IC collisions leading to productive binding of IF2 to these pseudo 30S ICs is greatly decreased. Moreover, the increase in k d,app suggests that the same structures of these pseudo 30S ICs result in a weakening of the interactions that IF2 makes with these pseudo 30S ICs even for collisions that result in productive binding. Indeed, it is likely that the structures of these pseudo 30S ICs are such that the strength of the interactions that domain IV of IF2 makes with Met-tRNA fMet or Phe-tRNA Phe in 30S IC − 3,Met and 30S IC − 3,Phe , respectively, are greatly weakened relative to the interactions that domain IV of IF2 makes with fMet-tRNA fMet in 30S IC − 3 . Consistent with the structural interpretation presented in the previous paragraph, the exceedingly transient binding of IF2 to 30S IC −3,Met and 30S IC −3,Phe results in broad E FRET distributions of non-zero FRET states that are sampled with E FRET values in the range 0.2-1.0 but lacking any distinct peaks. The broad E FRET distributions lacking any distinct peaks indicate that the IF2 and tRNA components of the IF2·tRNA sub-complexes that are formed within pseudo 30S ICs can sample a wide range of relative positions but fail to adopt a well-defined, thermodynamically stable conformation. It is unlikely that our inability to observe any distinct peaks in the E FRET distributions arises from the time-averaging of E FRET values that can result from excursions to non-zero FRET states that are shorter than the exposure time of a single frame [33] [34] [35] , as the same broad E FRET distribution lacking any distinct peaks is observed even when E FRET values were calculated using only those E FRET trajectories in which all of the observed excursions to non-zero FRET states lasted at least three frames. We note that, in the case of 30S IC −3,Phe , the three-nucleotide increase in the length of the spacer between the SD and the UUU codon may contribute to the defect in IF2 binding and the altered E FRET distribution. However, the strong similarity between the results obtained with 30S IC −3,Met and 30S IC −3,Phe (compare Fig. 3a and b and the corresponding entries in Table 1 ) strongly argues that these results arise principally from the lack of an fMet-tRNA fMet at the P-site of these pseudo 30S ICs.
Non-canonical 30S ICs exhibit a decreased affinity for IF2 and an altered conformation of the IF2·tRNA sub-complex IF3 plays a central role in start codon recognition [13, 14, 26, 27, [36] [37] [38] [39] and, in collaboration with IF1, has been shown to regulate the rate of subunit joining in a codon-dependent manner. Indeed, when present simultaneously, IF1 and IF3 significantly reduce the rate of subunit joining to a non-canonical 30S IC assembled on an AUU near-cognate start codon relative to a canonical 30S IC assembled on an AUG start codon [13, 14] . When either IF1 or IF3 is excluded from the 30S IC, however, the rate of subunit joining to the non-canonical 30S IC approximates that which is observed for the canonical 30S IC. To explore the possibility that IF1 and IF3 impart codon dependence to the rate of subunit joining by modulating the stability of IF2 within the 30S IC and/ or by altering the conformational dynamics of the IF2·tRNA sub-complex, we collected E FRET trajectories for a series of 30S ICs that were prepared in a manner analogous to that of 30S IC − 1/3 , 30S IC − 3 , 30S IC − 1 , and 30S IC C , with the exception that they were assembled on an mRNA containing an AUU nearcognate start codon instead of a cognate AUG start codon (30S IC −1/3,AUU , 30S IC − 3,AUU , 30S IC − 1,AUU , and 30S IC C,AUU , respectively) (Fig. 4, Supplementary  Fig. 8b and c, and Table 1 ).
The results of these experiments show that the K d,app values, the E FRET distributions, and the conformational dynamics of the IF2·tRNA sub-complex observed for 30S IC −1/3,AUU , 30S IC −3,AUU , and 30S IC −1,AUU were almost indistinguishable from those of the corresponding 30S ICs assembled at the AUG codon (compare Fig. 4b and Supplementary Fig. 8b and c with Fig. 2a-c and the corresponding entries in Table 1 ). In contrast, K d,app for 30S IC C,AUU increases by~100-fold relative to 30S IC C . This decrease in the affinity of IF2 for 30S IC C,AUU is kinetically driven by an~50-fold increase in k d,app , indicating that, relative to 30S IC C , the structure of the non-canonical 30S IC C,AUU programmed with an AUU near-cognate start codon is such that the strength of the interactions that IF2 makes with 30S IC C,AUU are greatly reduced.
In addition to the increased K d,app and k d,app , the transient binding of IF2 to 30S IC C,AUU results in sampling of non-zero FRET states ( Supplementary  Fig. 9 ) with E FRET distributions centered at E FRET values of 0.4 ± 0.3 and 0.7 ± 0.1 (hereafter referred to as IF2-tRNA 0.4,nc and IF2-tRNA 0.7,nc , where the nc subscript denotes that these states are associated with non-canonical 30S ICs). Relative to IF2-tRNA 0.5,c and IF2-tRNA 0.8,c , the means of the distributions for IF2-tRNA 0.4,nc and IF2-tRNA 0.7,nc are reduced, and at least in the case of IF2-tRNA 0.4,nc , the distributions are broadened. Within 30S IC C,AUU , the IF2·tRNA sub-complex only rarely and transiently samples IF2-tRNA 0.4,nc , almost exclusively occupying IF2-tRNA 0.7,nc ( Fig. 4a and Supplementary Fig. 9 ). This is in stark contrast to what we observe and described earlier for the corresponding canonical 30S IC (30S IC C ), which exhibits more frequent and stable excursions between IF2-tRNA 0.5,c and IF2-tRNA 0.8,c (compare the TDPs in Figs. 2d and 4a ). In the case of IF2-tRNA 0.7,nc , it is unlikely that the reduced mean of the E FRET distribution, relative to IF2-tRNA 0.8,c , arises from the time-averaging of E FRET values that can result from excursions to non-zero FRET states that are shorter than the exposure time of a single frame [33] [34] [35] , as essentially the same E FRET distribution is observed even when E FRET values were calculated using only those E FRET trajectories in which all of the observed excursions to non-zero FRET states lasted at least three frames. Thus, it is more likely that the reduced mean of the E FRET distribution in 30S IC C,AUU relative to 30S IC C instead arises from a codon-dependent difference between the conformation of the IF2·tRNA sub-complex within 30S IC C,AUU and 30S IC C . Although thẽ 0.1 differences between the means of the E FRET distributions for IF2-tRNA 0.5,c and IF2-tRNA 0.4,nc and for IF2-tRNA 0.8,c and IF2-tRNA 0.7,nc are within the error of our measurements, it is possible that these slightly lower means of the E FRET distributions arise from differences in the relative positions of domain IV of IF2 and fMet-tRNA fMet in 30S IC C,AUU relative to 30S IC C . Consistent with this possibility, the 100-fold decrease in the affinity of IF2 and the significantly altered frequency and stability of transitions into IF2-tRNA 0 . 4 , n c relative to IF2-tRNA 0.5,c that we only observe when comparing 30S IC C,AUU and 30S IC C strongly suggest that the IF2·tRNA sub-complexes in these two 30S ICs are indeed different.
Discussion
Joining of the 50S subunit to the 30S IC serves as a kinetic checkpoint during translation initiation that is regulated in order to maximize the accuracy of fMet-tRNA fMet and start codon selection [9, 10, [12] [13] [14] . The rate of subunit joining is also regulated in order to control the translational efficiency of mRNAs that initiate with non-cognate start codons [13, 14] . Although significant strides have been made in understanding the structural basis for IF2's subunit joining activity [15] [16] [17] [18] , a complete mechanistic description explaining how the rate of the subunit joining reaction is coupled to the IF, tRNA, and codon compositions of the 30S IC is currently unavailable. Here, we have examined the possibility that IF-, tRNA-, and codon-dependent changes to the conformational dynamics of the IF2·tRNA sub-complex may contribute to the mechanism that underlies this coupling. The results of our smFRET studies reveal that the stability of IF2 within a 30S IC and/or the conformational dynamics of the resulting IF2·tRNA sub-complex are significantly dependent on the IF, tRNA, and codon compositions of the 30S IC. As is described in further detail below, interpretation of our results within the context of the available structural and biochemical data strongly suggests that IF-, tRNA-, and codon-dependent changes to the structure of the 30S IC regulate the efficiency and fidelity of subunit joining reaction by modulating the stability of IF2 and the conformational dynamics of the IF2·tRNA sub-complex.
IF2-tRNA 0.8,c represents a conformation of the IF2·tRNA sub-complex within canonical 30S ICs that is associated with rapid subunit joining Ensemble kinetic studies have shown that the rate of subunit joining to canonical 30S ICs that lack IF3 (30S IC − 1/3 and 30S IC − 3 ) is fast compared to analogous canonical 30S ICs containing IF3 (30S IC − 1 and 30S IC C ) [9, 10] . The largest difference (~15-fold) in the rate of subunit joining is seen when comparing 30S IC − 3 and 30S IC C (Tables 2 and 3 ). Despite the faster rate of subunit joining, we show here that IF2 binds~13-fold less tightly to 30S IC − 3 than to 30S IC C ( Table 1 ), suggesting that IF2 makes weaker interactions with 30S IC − 3 . These results indicate that rapid subunit joining does not necessarily require that the strength of the interactions that anchor IF2 to the 30S IC be maximized. Notably, given the K d,app values for IF2 binding to 30S IC − 3 and 30S IC C obtained here (Table 1 ) and the concentrations of IF2 and other 30S IC components used in ensemble kinetic studies of subunit joining to canonical 30S ICs [9, 10] , both 30S IC − 3 and 30S IC C are predicted to have been N 90% saturated with IF2 in the ensemble kinetic studies of subunit joining (Table 2) . Collectively, these observations demonstrate that saturation of 30S ICs with IF2 is not sufficient to maximize the rate of subunit joining and suggest that the conformation of the resulting IF2·tRNA sub-complex is an equally important factor.
Consistent with this possibility, our results demonstrate that the conformational dynamics of the IF2·tRNA sub-complex differs across a series of canonical 30S ICs (Fig. 2) . The IF2·tRNA sub- [40] to the apparent equilibrium dissociation constants reported in Table 1 and the concentrations of IF2 and 30S subunits used in the corresponding ensemble kinetic studies from which the subunit joining rates in column 2 of the present table were obtained. complex within the 30S IC exists in a dynamic IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c conformational equilibrium. Interestingly, relative to 30S ICs that contain IF3, 30S ICs that lack IF3 exhibit a significant shift in the IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c equilibrium toward IF2-tRNA 0.8,c . Thus, IF2-tRNA 0.8,c is significantly stabilized over IF2-tRNA 0.5,c in canonical 30S ICs that undergo rapid subunit joining (i.e., 30S IC −1/3 and 30S IC −3 ). In contrast, the relatively slower rate of subunit joining that is observed in 30S IC −1 and 30S IC C may be partly due to the destabilization of IF2-tRNA 0.8,c (Fig. 2 and Supplementary Table 2 ). Within 30S IC C , destabilization of IF2-tRNA 0.8,c arises from a shift in the IF2-tRNA 0.8,c ⇄ IF2-tRNA 0.5,c equilibrium toward IF2-tRNA 0.5,c , while destabilization of IF2-tRNA 0.8,c in 30S IC −1 arises from a change in the conformation of the IF2·tRNA sub-complex that results in IF2-tRNA 0.7,c .
As described in Introduction, the ability of IF2 to catalyze subunit joining has been attributed to the extensive interactions that 30S IC-bound IF2 can make with a complementarily shaped groove in the 50S subunit [15, 17, 18] , as well as to the ability of the IF2·tRNA sub-complex to facilitate access to the 30S subunit components that comprise intersubunit bridge B2a [17, 18] . It is therefore tempting to speculate that the IF3-mediated destabilization of IF2-tRNA 0.8,c that we observe here modulates the rate of subunit joining by controlling the degree of complementarity between IF2 and the binding groove in the 50S subunit and/or the accessibility that the 50S subunit has for the 30S subunit components of this critical intersubunit bridge during subunit joining [22] . Alternatively, the IF3-mediated destabilization of IF2-tRNA 0.8,c may be accompanied by additional changes in the conformation of critical 30S IC components that are not reported on by our IF2·tRNA smFRET signal but that nonetheless inhibit the rate of subunit joining. Indeed, using a different smFRET signal between the 30S IC-bound IF2 and the 50S subunit, we have recently shown that IF3 can modulate both the stability of the 70S IC and the conformation of IF2 relative to the 50S subunit within the 70S IC that is formed upon subunit joining [41] . Future X-ray crystallographic or cryo-EM studies of 30S and 70S ICs formed in the presence and absence of IF3 should provide further insight into the structural basis through which conformational changes of the IF2·tRNA sub-complex and/or additional components of the 30S IC modulate the rate of subunit joining.
tRNA-dependent differences in the structure of the 30S IC regulate the rate of subunit joining by modulating the stability of IF2 and the dynamics of the IF2·tRNA sub-complex Ensemble kinetic studies show that pseudo 30S ICs carrying either a non-formylated Met-tRNA fMet or a Phe-tRNA Phe exhibit a reduced rate of IF2-catalyzed subunit joining relative to analogous, canonical 30S ICs carrying an fMet-tRNA fMet [10, 12] . Here, we have shown that replacing fMet-tRNA fMet with Met-tRNA fMet or Phe-tRNA Phe yields pseudo 30S ICs in which IF2 is substantially destabilized and the conformational dynamics of the IF2·tRNA sub-complex are altered such that IF2-tRNA 0.8,c is no longer observed (Table 1) (Fig. 3) . The scope of the IF2 destabilization observed here is surprising considering that IF2 has been shown to bind relatively stably to the 30S IC even in the absence of tRNA [13, 31, 42] . Collectively, these results indicate that binding of IF2 to 30S ICs containing a tRNA other than fMet-tRNA fMet is actively inhibited either by steric clashes of domain IV of IF2 with the aminoacyl acceptor end of the tRNA and/or by the inability of domain IV of IF2 to form favorable electrostatic interactions with the aminoacyl acceptor end of the tRNA. The latter possibility is intriguing in light of structural modeling of the IF2·tRNA interaction in Escherichia coli, which has revealed that domain IV of IF2 has a positively charged cleft in close proximity to the aminoacyl acceptor end of the tRNA and the observation that IF2 can initiate translation with NH 2 -blocked aminoacyl-tRNAs (aa-tRNAs) other than fMet-tRNA fMet [43] [44] [45] . Alternatively, or additionally, it is possible that formation of a correctly base paired codon-anticodon interaction within the P site induces, or is accompanied by, a conformational change in the 30S IC that remodels IF2's network of interactions such that the stabilization of IF2 becomes more dependent on its specific interaction with fMet-tRNA fMet . The extent to which the stability of IF2 and the conformational dynamics of the IF2·tRNA subcomplex depend on fMet-tRNA fMet is likely sensitive to the IF composition of the 30S IC. Indeed, a pseudo 30S IC lacking IF1 and IF3 (i.e., 30S IC −1/3,Met ) results in an~15-fold decrease in the affinity of IF2 for the 30S The two pairs of 30S ICs that exhibit the largest discrepancies in these two parameters are boldfaced and italicized. a Calculated using the rates of subunit joining reported in Table 2 .
b Calculated using the IF2 occupancies reported in Table 2 .
IC relative to what is observed in the analogous pseudo 30S IC containing IF1 (i.e., 30S IC −3,Met ) ( Table 1 and Supplementary Fig. 8a ), a result that is consistent with the stabilizing effect that IF1 has on IF2 binding ( Fig. 2 and Table 1 ).
It is important to note that, given the K d,app values reported in Table 1 and the concentrations of IF2 and other 30S IC components that have been used in ensemble kinetic studies of subunit joining to pseudo 30S ICs analogous to those studied here [10, 12] , we predict that the pseudo 30S ICs in the ensemble kinetic studies of subunit joining were not saturated with IF2 (Tables 2 and 3 ). Thus, from the currently available data, it is not possible to distinguish to what extent the decreased rate of subunit joining that is observed in ensemble kinetic studies of subunit joining to pseudo versus canonical 30S ICs results from the reduced occupancy of IF2 on the 30S IC or from the altered conformation that the IF2·tRNA sub-complex adopts in the presence of tRNAs other than fMet-tRNA fMet . In order to determine the extent to which subunit joining to pseudo 30S ICs is rate limited by the conformation of the IF2·tRNA subcomplex, it will be important to conduct future ensemble kinetic studies of subunit joining in which high enough concentrations of IF2 have been used to ensure that pseudo 30S ICs are saturated with IF2.
IF1-and IF3-induced, codon-dependent differences in the structure of the 30S IC regulate the rate of subunit joining by modulating the stability of IF2 and the dynamics of the IF2·tRNA sub-complex Non-canonical 30S ICs assembled on an mRNA containing an AUU near-cognate start codon (30S IC C,AUU ) exhibit an IF1-and IF3-dependent decrease in the rate of IF2-catalyzed subunit joining [13, 14] . Here, we have shown that replacing an AUG cognate start codon in 30S IC C with an AUU near-cognate start codon in 30S IC C,AUU yields non-canonical 30S ICs in which IF2 is significantly destabilized and the conformational dynamics of the IF2·tRNA sub-complex are altered (compare Figs. 2d and 4a and see Table 1 ). It is likely that the destabilization of IF2 and the change in the conformational dynamics of the IF2·tRNA sub-complex that are observed in 30S IC C,AUU originate from the altered position that fMet-tRNA fMet occupies within 30S ICs formed on near-cognate start codons, as has recently been proposed [46] . Notably, given the K d,app values reported in Table 1 and the concentrations of IF2 and the other 30S IC components that have been used in ensemble kinetic studies of subunit joining to non-canonical 30S ICs analogous to those studied here [14] , we predict that, in the ensemble kinetic studies of subunit joining, the population of IF2-bound non-canonical 30S ICs was decreased by a factor of only 2-fold relative to the population of the IF2-bound canonical 30S ICs (Table 2 and 3) . This modest, 2-fold decrease in the population of IF2-bound non-canonical 30S ICs versus IF2-bound canonical 30S ICs is insufficient to explain the~90-fold decrease in the rate of subunit joining to non-canonical versus canonical 30S ICs in the ensemble kinetic studies of subunit joining. Thus, we propose that IF1 and IF3 collaboratively exert their fidelity function and discriminate against nearcognate start codons within non-canonical 30S ICs, at least in part, by perturbing the conformational dynamics of the IF2·tRNA sub-complex. Consistent with this interpretation, Grigoriadou et al. have demonstrated that non-canonical 30S ICs formed on AUU near-cognate start codons exhibit a large, 18-fold decrease in the rate of subunit joining [13] even when using saturating concentrations of a thermophilic IF2 variant that is reported to have a higher affinity than E. coli IF2 for E. coli 30S ICs [47] .
Materials and Methods
Preparation and purification of translational components E. coli IF1, the γ-isoform of IF2 (referred to as IF2 throughout this work), and IF3 were overexpressed in BL21(DE3) cells and purified as described previously [25] . 5′-Biotinylated mRNAs were variants of the mRNA encoding gene product 32 from T4 bacteriophage and were chemically synthesized (Dharmacon, Inc.). Additional information on the mRNAs used in this work can be found in Supplementary Note 1. tRNA Phe (Sigma) was aminoacylated using a fractionated E. coli S100 cellular extract containing a mixture of aa-tRNA synthetases following a previously described procedure [25, 48] . tRNA fMet (MP Biomedicals) was aminoacylated and formylated using purified methionyl-tRNA synthetase (prepared as described by Fourmy et al. [49] ) and methionyl-tRNA formyltransferase (prepared as described by Schmitt et al. [50] ) following previously published protocols [25] . Met-tRNA fMet was prepared using the same protocol that was used to prepare fMet-tRNA fMet with the exception that the methionyl-tRNA formyltransferase and the 10-formyltetrahydrofolate formylation substrate were not added to the tRNA fMet aminoacylation reaction. Aminoacylated/formylated, aminoacylated, and unacylated tRNAs were separated by hydrophobic interaction chromatography (HIC) on a TSKgel Phenyl-5PW HIC column (Tosoh Bioscience) following a previously described protocol [25] .
30S subunits were purified from E. coli strain MRE600 using a combination of protocols [51] [52] [53] . Briefly, sucrose density gradient ultracentrifugation was used to purify tight-coupled 70S ribosomes from an E. coli MRE600 lysate. Tight-coupled 70S ribosomes were subsequently dissociated into 30S and 50S subunits by dialysis against Ribosome Dissociation Buffer [10 mM tris(hydroxymethyl)aminomethane acetate (pH 4°C of 7.5), 60 mM ammonium chloride, 1 mM magnesium chloride, 0.5 mM ethylenediamine tetraacetic acid, and 6 mM β-mercaptoethanol]. The resulting 30S and 50S subunits were separated by sucrose density gradient ultracentrifugation in Ribosome Dissociation Buffer. The sucrose density gradient fractions corresponding to the 30S subunits were collected, placed into centrifuge tubes, and adjusted to 5 mM Mg 2+ using 1 M magnesium acetate. The centrifuge tubes were then filled with Ribosome Dissociation Buffer that had been adjusted to 7.5 mM Mg 2+ with 1 M magnesium chloride and ultracentrifuged to pellet the purified 30S and 50S subunits. The 30S subunit pellets were resuspended in Ribosome Dissociation Buffer, adjusted to 7.5 mM Mg 2+ with 1 M magnesium chloride, and stored at −80°C until further use.
Fluorophore labeling of IF2 and tRNAs
Wild-type E. coli IF2 has three cysteines at amino acid positions 599, 815, and 861 (note that the IF2 amino acid numbering used throughout this work corresponds to the α-isoform of IF2). Attempts to generate a cysteine-less variant of IF2 resulted in an IF2 mutant that significantly aggregates during purification and that does not exhibit detectable function in a standard, toeprinting-based assay designed to test the ability of IF2 to select fMet-tRNA fMet over elongator tRNAs within the 30S IC [23] (data not shown). Using the QuikChange II-E Site-Directed Mutagenesis Kit (Agilent Technologies) and the mutagenic primers 5′-CGCCGAAATTTTGTGCCATCGCAGGCTG-TATG-3′ and 5′-CATACAGCCTGCGATGGCACAA AATTTCGGCG-3′, we introduced a fourth cysteine via a glycine-to-cysteine mutation at amino acid position 810 (G810C). IF2(G810C) was purified and subsequently fluorescence labeled using a thiol-reactive, maleimidederivatized Cy5 (GE Life Sciences). By systematically testing fluorescence labeling reaction conditions using IF2(G810C) versus wild-type IF2 as a control and quantifying the labeling efficiency using the ratio of IF2 and Cy5 concentrations calculated from the ultraviolet absorbance and molar extinction coefficient at 280 nm of IF2 (ε 280 nm = 27,390 M − 1 cm − 1 ; calculated using the ProtParam tool on the ExPASy Proteomics Server † ) and the visible absorbance and molar extinction coefficient at 649 nm of Cy5 (ε 649 nm = 250,000 M − 1 cm − 1 ; as reported on the Cy5 mono-reactive maleimide product specification sheet from GE Life Sciences), we found that obtaining selective and efficient labeling of C810 versus the three wild-type cysteines was principally a matter of optimizing the Cy5:IF2(G810C) ratio. When the Cy5:IF2(G810C) ratio exceeded 15:1, we began to observe labeling of the wild-type cysteines. However, when the Cy5:IF2(G810C) ratio was 10:1, C810 was selectively labeled with a high efficiency (N 95%) while an insignificant level (~2%, essentially background levels) of labeling was observed for the wild-type cysteines (Supplementary Fig. 1 ). The final, optimized labeling procedure was as follows. IF2(G810C) was buffer exchanged into IF2 Labeling Buffer [10 mM tris(hydroxymethyl)amino methane acetate (pH 4°C of 7.5) and 50 mM potassium chloride] using Micro Bio-Spin 6 gel-filtration spin columns (Bio-Rad) and was diluted using IF2 Labeling Buffer to a final concentration of 30 μM. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl) was added to the IF2(G810C) solution to a final concentration of 300 μM and the IF2(G810C)-TCEP-HCl solution was incubated at room temperature for 30 min to completely reduce any disulfide bonds in IF2(G810C). A stock solution of 12 mM Cy5 was prepared immediately before use by dissolving Cy5 mono-reactive maleimide (GE Life Sciences) in anhydrous dimethyl sulfoxide (Sigma) following this incubation, and an appropriate volume of this Cy5 stock solution was immediately added to the IF2(G810C)-TCEP-HCl solution to obtain a final Cy5 concentration of 300 μM. The reaction was mixed thoroughly and incubated overnight at 4°C. The mixture was then loaded directly onto a Superdex 200 size-exclusion column (GE Life Sciences) that had been pre-equilibrated using IF2 Size-Exclusion Buffer [40 mM tris(hydroxymethyl)amino methane hydrochloride, 80 mM sodium chloride, 40 mM ammonium chloride, 5 mM magnesium chloride, and 2 mM β-mercaptoethanol] in order to separate Cy5-labeled IF2 [IF2(Cy5)] from unreacted Cy5. The final IF2(G810C) labeling efficiency, which was N 95%, was quantified using the ratio of IF2 and Cy5 concentrations calculated using the ultraviolet absorbance and molar extinction coefficient at 280 nm of IF2 and the visible absorbance and molar extinction coefficient at 649 nm of Cy5 (Supplementary Fig. 1) . tRNA fMet and tRNA Phe were fluorescently labeled and purified following previously published protocols [25] . ] was prepared by reacting N-hydroxysuccimidyl ester-derivatized Cy3 (GE Life Sciences) with the 3-(3-amino-3-carboxypropyl)uridine at nucleotide position 47 within tRNA Phe . Unreacted Cy3 was removed from the labeling reactions by extensive phenol extraction, the tRNAs were ethanol precipitated, and the Cy3-labeled tRNAs were separated from unlabeled tRNAs on a TSKgel Phenyl-5PW HIC column (Tosoh Bioscience) as previously described [25] . Fractions containing Cy3-labeled tRNAs were pooled, buffer exchanged into NanoPure water using Amicon ultracentrifugal filters, and stored at −20°C. Since the Cy3-labeled tRNAs had been purified from the unlabeled tRNAs by HIC, the labeling efficiency of the labeled tRNAs prepared in this manner was~100%.
Preparation of 30S ICs
30S ICs were prepared by combining final concentrations of 0.6 μM aa-tRNA(Cy3), 0.9 μM IF1 (when present), 0.9 μM IF3 (when present), 1.8 μM 5′-biotinylated mRNA, and 0.6 μM purified E. coli 30S subunits in a Tris-Polymix Buffer in which the salt concentration has been optimized as previously described [26] [10 mM tris(hydroxymethyl) aminomethane acetate (pH 25°C of 7.0), 20 mM potassium chloride, 1 mM ammonium acetate, 0.1 mM calcium acetate, 5 mM magnesium acetate, 0.1 mM ethylenediamine tetraacetic acid, 6 mM β-mercaptoethanol, 5 mM putrescine dihydrochloride, 1 mM spermidine free base, and 1 mM GTP] and incubating the reaction mixture at 37°C for 10 min. The 30S IC sample was then transferred directly to ice and incubated for 5 min. Finally, the 30S IC sample was divided into small aliquots that were flash frozen in liquid nitrogen, stored at − 80°C, and thawed and imaged within 24 h of preparation.
TIRF microscopy and smFRET experiments
Quartz microfluidic flowcells were passivated using a mixture of PEG and biotinylated PEG (biotin-PEG) and
